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Abstract

In several recent studies and on-going developments
for advanced rotorcraft, the need for variable or multi-
speed capable rotors has been raised. A speed change of
up to 50 percent has been proposed for future rotorcraft
to improve overall vehicle performance. Accomplishing
rotor speed changes during operation requires both a
rotor that can perform effectively over the operation
speed/load range, and a propulsion system that can
enable these speed changes. A study has been com-
pleted to investigate possible drive system arrangements
that can accommodate up to the 50 percent speed
change. Several concepts will be presented and evalu-
ated. The most promising configurations will be identi-
fied and developed for future testing in a sub-scaled test
facility to validate operational capability.

Introduction

Rotorcraft propulsion is a critical element of the
overall rotorcraft. Unlike fixed wing aircraft, the
rotor/propulsion system provides lift and control as well
as forward thrust. As a result, the rotorcraft
engine/gearbox system must be highly reliable and
efficient. Future rotorcraft trends call for more versatile,
efficient, and powerful aircraft, all of which challenge
state-of-the-art propulsion system technologies. Vari-
able speed rotors have been identified as having a large
impact on many critical rotorcraft issues.

Currently, rotor speed can be varied only a small percent-
age by adjusting the speed of the engine. This is generally
limited by engine efficiency and stall margin permitting
speed changes limited to approximately 15 percent maxi-
mum (used in current tilt-rotor applications).

The recent NASA Heavy Lift Study (ref. 1) has
shown that variable speed propulsion is necessary for all
aircraft concepts studied. Variable speed propulsion,
without loss of efficiency and torque, is necessary to
permit high speed operation with reduced noise. Previ-
ous NASA variable speed transmission studies concen-
trated on 15 percent speed changes (refs. 2 and 3). The
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heavy lift study suggests that increased speed variations
of 50 percent will have a dramatic effect on reducing
external noise while increasing rotorcraft performance.

To achieve this large speed variation capability,
advanced variable/multi-speed drive system concepts
must be developed. This report summarizes an effort to
identify viable concepts for both a two-speed and
variable speed drive transmission configuration. Efforts
will culminate with laboratory testing of a reduced-scale
variable/multi-speed drive system to validate system
level tools and concepts.

Study Objectives

This report summarizes the results of a study directed
at creating multiple variable/multi-speed transmission
concepts, identifying the most viable concept(s), and
identifying a plan for future development and scale
model testing of those concepts. The primary require-
ment for this endeavor is to identify/create a viable
concept for a transmission with a high-range ratio (1:1)
and low-range reduction ratio of 50 percent (2:1)
through a speed change mechanism. The above trans-
mission concept could be added as an element within
the overall drive system resulting in overall ratios of
100:1 to 50:1 in the aircraft. Both discrete two-speed
and variable speed configurations are considered herein.

This effort is focused at the concept level in the crea-
tion and development of multi/variable speed transmis-
sions. Concepts are created and portrayed using
computer aided design (CAD) to provide details such as
the introduction of lubrication, sealing requirements,
mounting features, and assembly features.

The amount of power and speed required is depend-
ent upon the particular drive concept and device type.
The questions to be answered are: How much power
and what speeds are required for speed range changes
and how much is required for periods of sustained split-
power operation, if applicable? The specific speed
varying device(s) is not identified at this stage. How-
ever, some concepts and ideas are contained within this
report.



Concept Creation and Development

A chronology of concept creation, development, and
directions pursued is presented below.

Upon starting this study, the initial thought was that
any concept(s) to be created should be original. This led
to review of some texts in the area of gearing for some
basic ideas (refs. 4 to 6). In addition, it was thought that
concept creation should begin with a variable speed
drive as it seemed better suited to the application. A
variety of variable speed devices were reviewed, though
none stood out as something being readily accepted for
rotorcraft applications. All variable speed configurations
employed traction/friction drive or components such as
belts and pulleys, which are unacceptable for the power
and speeds associated with this application. It was at
this point that the realization that a traditional variable
drive (traction/friction drive via variable geometry)
would not suffice, but perhaps continuous ratio variabil-
ity could be synthesized.

From the above, an initial variable drive concept
emerged based upon a two-engine driven planetary-
differential (sun-in, ring-in, and carrier-out) used in a
hoisting application, (ref. 6, p. 263). The configuration
was thought to be adaptable to a scheme consisting of
one engine (input) and the second engine (input)
replaced with an external speed controller device. The
concept did not seem to have much merit and was
rejected at first. Additional factors which discounted the
above concept were that it was not a classic continu-
ously variable transmission per se; it had no contour
surfaces, nor variable geometry, being comprised of a
gear train. Lastly, the second input was surely a weight
liability. However, it was retained as a remote possibil-
ity due to inherent variable speed output via the differ-
ential. The configuration, envisioned as a variable
output drive, is shown in figure 1.

Next, a schematic of an inline discrete two-speed
transmission was conceived and evolved into a CAD
layout. The concept included a clutch, thus requiring
an immediate need for a representative scale clutch
configuration. Since any two-speed transmission
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Figure 1.—Differential planetary drive.
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Figure 2.—Initial inline two-speed concept schematic.
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Figure 3.—Initial inline two-speed concept CAD
concept corresponding to above schematic.

configuration intended to change speed range during
power transfer requires a means of disengaging power
during ratio change, conceptualization focused toward a
clutch (presented later in the Concept Descriptions
section). The schematic and corresponding CAD con-
figuration is shown in figures 2 and 3.

During development of the initial two-speed trans-
mission concept above, a short coming relative to the
output direction of rotation between the two ratios
emerged. The concept employs a planetary gear system
with fixed star gears where the sun gear is the input and
the ring gear is the output. Powering in low speed range
causes the ring gear to rotate in a direction opposite to
that of the sun gear, and opposite to the output of the
high speed range which is direct coupled via the clutch.
To make this basic concept viable, the immediate
challenge was to determine the best approach to reverse
low range output rotation. It was this shortcoming that
became the impetus for the creation of several reversing
concepts that are presented later.

With a few two-speed concepts underway, attention
returned to pursue a variable speed configuration.
Though a specific candidate CV (continuously variable)
element had not been identified, a CV element of some
variety was thought to be needed since a discrete multi-
speed transmission was not perceived as the best



configuration for the given application for a variety of
reasons to be discussed later. As the project advanced,
an unspoken direction emerged; power transmission via
fluid traction would not be well received. A dilemma of
“what to do” became a dominant theme. Focus shifted
toward capitalizing on desirable aspects of a CV ele-
ment thorough synthesizing CV. The above pointed to a
variable direct-mechanical drive such as the differential
or planetary gear system with some to-be-determined
outside control device (externally powered or internally
driven). This was the initial concept.

As mentioned earlier, the initial basic concept based
on a two-input geared differential was almost dismissed.
It was retained due to its inherent power transmission
via gears while having variable output. From the per-
spective of power transfer, there is a lack of acceptance
of flight being powered via fluid-traction or fluid-
impulse power transmission in lieu of power transmis-
sion by mechanical means (i.e., gearing). Desires of
“positive drive” and “continuously variable ratio”
originate from within the various entities of the aeronau-
tics industry, civil, and government stakeholders which
manufacture or use rotary wing aircraft. The above
being in direct conflict pose a difficult challenge.

Another possible direction/solution resulting from the
above dichotomy is a two-speed transmission with a CV
speed-matching element. This may be a better opera-
tional configuration for this application than a true CV
transmission. The hybrid configuration overcomes some
undesirable aspects of both the discrete two-speed
transmission and the variable speed transmission while
capitalizing on positive aspects from both. The idea of
adapting the two-speed concepts to include a variable
element was realized thus resulting in plausible quasi-
variable speed drive configurations. Concepts for two
such drives, which include either a controller or varia-
tor, were configured and are presented later. Although it
has been stated that power transmission via traction
fluids is not perceived as desirable for quasi-full-time
operation in either the high or low speed ranges, a CV
element may be suitable to take on full power require-
ments for short duration, or perhaps the lesser power
requirement of matching speeds, during speed range
transition. Another area in which a CV element might
excel is in a split-power transmission configuration
where the CV element is only required to transmit a
portion of the required power during a range transition.

Since the focus of this study is the overall transmis-
sion configuration, not detailed examination of any
specific components, the selection, or design of a
specific CV element within the various concepts is to be
addressed during the next stage of development. Design
of such a device would be a formidable task in itself as
evidenced by the number of configurations and con-
tributors pursuing their development. However, if
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employed in this application a mechanical take-off
driven toroidal based variator configuration is thought
to be the best.

An alternative to using a take-off driven variator as a
CV element is to employ a speed controller (inter-
nal/external powered). This led to an idea of adapting
the two-speed concepts to also include a variable speed
controller to render a quasi-variable speed drive con-
figuration. Concepts for two such drives were config-
ured and are presented later. Both power and speed
requirements for the specific application and configura-
tion will need to be reviewed to determine if a suitable
candidate device can be identified.

The above adaptations of the two-speed basis con-
cepts to include variable speed output were then config-
ured to be modular units. All of the above are presented
later in the Concept Descriptions section.

System Considerations

The controllability and system dynamics aspects of
discrete versus continuous variable speed control are
significant design considerations. Each configuration
has both merits and liabilities. The discrete ratio drive is
the most straight forward, reliable, cost effective (initial
manufacture), and can be based on current state of the
art technologies with respect to design, manufacture,
and maintenance. However for application to a flight
vehicle, the two-speed transmission is less desirable
than a transmission which can provide continuous
variable speed range with smooth and continuous power
transmission. Such a transmission would not possess the
potentially harsh dynamics as those of a discrete two-
speed transmission.

Dynamics and Operation of Two-Speed
Transmission Concepts

Just the thought of shifting a transmission in a rotor-
craft during flight suggests a seemingly perilous opera-
tion whether shifting from hover to cruise or the
converse. The degree of difficulty for each transition is
different, as well as a function of the urgency of the
maneuver. That is, is the speed range change a planned
routine operation, or, is it required to occur during an
emergency condition? Initiating a change in any situa-
tion should be equally easy and of second nature to the
operator (pilot), if not fully automated.

Down shifting a two-speed transmission from hover
to cruise mode is seemingly the easier of the two range
transitions since the rotorcraft speed is nearing the point
where the fixed-wing takes over the entire function of
providing lift, and the engine/driveline only has to
provide the power necessary to support forward thrust



and control. One can envision throttling down the
engine to a lower power level, shifting the transmission,
followed by throttling up the engine speed, though at a
lower power level. It is the converse of the above,
transition from cruise to hover, which is more challeng-
ing. In this situation, rotorcraft speed is being reduced
with fixed-wing lift diminishing to negligible magni-
tude. During this transition, the rotor must quickly take
on providing thrust AND lift as well as directional
control requiring full-power and speed, a 2X increase in
rotor speed from 50 to 100 percent output speed!

System dynamics of speed changes within a fixed
multi-speed transmission are a significant concern based
on the high speeds and horsepower being transmitted
and the resultant shock loads which may occur due to
unsynchronized speeds during transitions between the
discrete speeds. At high power and speed, even a small
speed mismatch can introduce significant shock loads
within the driveline as well as the engine and/or rotor(s).
Although increasing the transition period may tend to
improve smoothness, it is must still be done quickly to
maintain airframe forward velocity, as well as minimize
internal heat generation within the transmission.

Should an unforeseen emergency situation arise dur-
ing an in-progress speed range change, it may be
required to return abruptly to the initial condition. Such
a scenario might be transitioning from hover to cruise
during which time the aircraft is operated in an emer-
gency condition requiring conversion back to hover. In
a discrete speed transmission, such a situation would
result in an abrupt change in torque transfer or mis-
match in speed which ultimately results in an abrupt
loading or unloading condition due to the required flight
mode and power demands. Such a condition is created
in the discrete two-speed transmission because some-
thing mechanical or hydraulic must be engaged or
disengaged to initiate or permit the change in ratio and
something must be synchronized to continue power
transfer. Operation during an emergency situation is in
direct contrast to normal operation striving to obtain a
smooth transition. Any event that disrupts the disen-
gagement-reengagement periods will undoubtedly result
in abrupt change in power flow and heat generation in a
discrete speed configuration.

From the above one may surmise that the best
approach to employing a two-speed configuration might
be to employ a CV element or controller as a ratio-
changing device and to only use the CV element for
up-shifting (cruise to hover) and to use the clutch for
down shifting (hover to cruise). Operation of the CV
element and clutch in this manner would serve to reduce
the required duty service of both the CV element and
the clutch.
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Dynamics and Operation of Variable Speed
Transmission Concepts

For a continuously variable transmission configura-
tion, engine speed can be maintained nearly constant
while the transmission output speed is decreased or
increased based upon power demand. Thus the engine
may be operated at maximum power or maximum
efficiency conditions as required. In addition, the
period, or time, for a speed range change is dramatically
more flexible and controllable compared to that of a
discrete two-speed transmission where the smoothness
of the speed change and heat generation is a strong
function of the transition period.

A CV transmission, with fully synchronized speeds
throughout the operable speed range, results in the
smoothest range changes with little or no driveline
shock due to speed mismatch between driving and
driven elements since they are always in contact. How-
ever, for a traction drive configuration, speed mismatch
may potentially result from a condition such as driveline
or rotor load/inertia thus overrunning traction capacity.
Any realized speed mismatch could result in internal
slippage and heat generation within the traction fluid
and drive surfaces. Traction fluid properties are gener-
ally a function of their temperature. Any significant
temperature rise could result in unstable fluid properties
as well as low reliability in the traction coefficient
(ref. 7). Such a condition has the potential to deteriorate
to a point of total instability or loss of traction. While
not desirable for any power transmission, this could be
catastrophic on an airframe application. For the above
reasons, full power transmission through fluid
traction/friction is not foreseen as viable for future
rotary wing applications.

The above discussions suggest that neither discrete
multi-speed transmissions, nor CV transmissions
utilizing power transmission via fluid-traction, are the
best configuration for the given application. Just what
type of transmission is best suited? Another aspect to
consider is “transition cycle life” (i.e., operation life of
the transitioning element). The major portion of any
mission is comprised of operation that is primarily in
either the upper or lower speed range, not transitioning
between them. Transitioning ranges is thought to be an
extremely low percentage of any flight missions.

Considering the above, the best approach for this
application is thought to be a split power transmission
with CV element (variator), or externally powered
controller transition between two fixed ratio positive-
drive (direct drive or geared) speed ranges. Whether the
drive configuration is a fixed or CV ratio design, the
primary control is foreseen to be both engine and



transmission shaft-speed instrumentation based where
shaft-speed signals are used to synchronize relative
speeds prior to and during the shifting or transition
period to assure continuous and smooth power transfer.

Assessment of Concepts and Selection

Concepts developed within this study were reviewed
and ranked to identify the most viable. An initial rank-
ing process was planned which included specific met-
rics against which the concepts would be evaluated.
During real-time concept selection, several key points
were recognized within the concepts and the proposed
concept evaluation metrics/selection process. Evaluation
metrics evolved during the above ultimately leading to a
favorable strategy for driveline development, which is
summarized later.

When concepts were reviewed on a detailed compo-
nent level some concepts may appear seemingly similar
though they may possess very important differences.
Some examples of these differences are considerations
such as whether power is transferred through a gear
train or if it is directly coupled through a clutch, how
many gears and different relative sizes are required to
achieve the specific low range reduction ratio (i.e.,
single or two-stage reduction), how many bearings are
required, overall system operation, etc.

In contrast, reviewing concepts from a higher level,
the many differences and details seem less important
with respect to comparisons based solely on meeting the
application requirements and apparent simplicity.
Although details such as those above and many more
are very important in identifying the best concepts with
respect to function in the application, simplicity, and
weight emerged as the dominant determining factors in
the selection of the most viable concepts. This is sug-
gestive that the fine details of the many concepts are of
lower significance when compared to the overall con-
cept capacity to meet the objective—a multi/variable
speed transmission capable of 50 percent reduction and
being simple, light weight, and robust. The ultimate
metric of concept value is an overall assessment of
which concept(s) has the highest potential to be realized
within a flight application.

Evolution of Concept Evaluation Metrics

Initially proposed evaluation metrics evolved as the
study progressed into the following:

Weight combined below
Complexity/parts count = Simplicity
Noise/dynamics dismissed

- simplicity
- simplicity
dismissed

Risk—rolled up into
Cost—rolled up into
Performance/efficiency
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From the preceding, the primary metric became

simplicity.
Primary Metric —> Simplicity - Weight

It is thought that simplicity will result in the lightest
possible configuration and also result in a driveline
element that can be more easily integrated as a module
into the overall driveline system.

Upon comparing all of the concepts, a very distinct
demarcation of simplicity versus complexity emerged;
the simplicity of the discrete two-speed configurations
and planetary differentials in contrast to the complexity
of the multi-shaft split-power and variable speed con-
figurations (not presented herein).

Looking at the concepts from a top level perspective,
the concepts naturally flow into three basic groups:

(1) Inline discrete two-speed configurations
(2) Dual input planetary differential (quasi-variable)
(3) Variable-speed multi-shaft split-power configurations

A simple design containing well developed configu-
rations, those with field service heritage, can be easily
made to be very robust with inherent high reliability. A
good basic design with the combination of simplicity
and robustness leads to most other desirable traits such
as ease of manufacture, ease of assembly and maintain-
ability, high reliability, and high efficiency.

Concept Selection and Development

Ultimately, concept ranking based on the “simplicity”
metric combined with collaborative and synergistic
discussion lead to a plan which is expected to advance
the consideration and design of multi/variable-speed
transmissions for rotary wing application through the
development and testing of multiple test articles appli-
cable to a broader range of aircraft resulting in a wider
array of study than initially thought possible.

The resulting plan, outlined below, calls for parallel
development of both discrete two-speed and variable-
speed adaptable configurations leveraged from basic
simple design concepts along with parallel study and
development of controller/variator devices/systems able
to be incorporated into the above driveline concepts
making them quasi-variable ratio. This plan thus assures
support of the NASA SRW/Subsonic Rotary Wing
Program basis of fundamental research.

Concept Development and Testing Strategy

(1) Develop and test simple two-speed configura-
tions. Identify the best configuration based on scale test
models and actual hands-on experience as opposed to
paper studies and intuition.



(2) Develop variations of the above two-speed con-
figurations that are variable output capable (employing
modular controller/variator devices).

(3) Develop and test concepts for variable control
devices/systems, both take-off driven variator, inter-
nally/externally powered controller. Integrate both types
into item 2 configurations for direct comparison.

(4) Test a basic two-input differential planetary drive
to determine power levels required for speed range of
100 to 50 percent and compare to two-speed variable
input capable configurations (item 3) to identify the best
driveline configuration for end development and further
testing.

(5) Combine the results from items 1 to 4 above into
the overall best configuration and test.

The outcome of these development steps is intended
to yield both a discrete two-speed and a variable-speed
configuration either of which may be the basis for
incorporation into specific airframe applications based
upon overall system requirements. The strategy 1is
presented in the development and testing matrix shown
in figure 4. Concepts depicted in the matrix below are
described in the following section.

Basic Variable-Speed
Two-Speed Assisted
Concepts Concepts

i N\

1
Inline
Planetary

Controller Variator

Offset
Compound Controller Variator
Gear
3
Planetary Controller Variator
Differential

Figure 4. —Modular two-speed and variable
speed configuration development and
testing matrix.

NASA/TM—2008-215276

Concept Descriptions

The three primary two-speed concepts and their
respective variable-speed assisted variations as shown in
figure 4, are presented in detail in the following text.

(1) Two-speed (double star idler reverser)

(2) Two-speed (offset compound gear)

(3) Planetary differential

(4) Variable transition assisted variations of (1, 2, and 3)

As previously mentioned, concepts were created in
two-dimension (2-D) CAD wusing a commercially
available CAD drafting design tool (ref. 8). Concepts
are all depicted in the same scale (detail gearing analy-
sis may indicate otherwise), employ many standard
configurations, and also contain representative bear-
ing/shafting sizes. Gear pitch diameters depicted are
based on employing a nominal diametral pitch of twelve
and 25° pressure angle (ref. 2). Gearing depicted in the
original concepts within this paper are limited to con-
sideration of spur tooth, helical, or double-helical.

Concept 1—Inline Two-Speed Planetary
(Modified With Addition of Double Star/Idler)

The initial inline two-speed planetary drive concept,
discussed earlier and shown again below in figure 5, was
the earliest two-speed configuration conceived during this
effort. The configuration uses one clutch, one sprag, and a
star planetary gear train to achieve the 50 percent speed
reduction for the low speed cruise mode.

The major shortcoming of the above concept was the
rotational direction for low speed range being opposite
to that of the high speed range (as discussed earlier).
Several concepts were considered to remedy the reverse
rotation issue. The lightest and most viable methods are
presented in the two concept descriptions that follow.

Wet/Dry
Clutch
Clutch
Signal —»
%, d Low
TRTRTAT m Range
B 4
Y = outw
Input = —— s
L e T 4 Reverse
A of Input
Fixed Star i
Planetary R Over-Running

Ring Rotation Reverse Clutch

of Sun Gear Input

Figure 5.—lnitial inline two-speed planetary drive (con-
cept discounted due to reverse rotation—see text).



The most basic method to reverse output rotation for
two gears in mesh is through the placement of an idler
gear between the original gear set. An idler reverses
rotation across the first mesh and then re-reverses it
across the second mesh without changing the speed ratio
of the original two gears.

For the planetary train above, this means an addition
of a second star gear to act as an idler. With the addition
of a second star gear, serving as an idler (i.e., a revers-
ing element), the direction of rotation of the output ring
is reversed. The second star gear is mounted in an
unconventional manner allowing it to act as an idler
gear between the first star gear and the output ring gear.
This configuration is shown in figure 6.

The double star idler configuration, seemingly sim-
ple, is a highly restrictive design. It is difficult to
achieve the desired overall ratio between the sun gear
and the ring gear, simultaneously obey diametral pitch
constraints, limit star gear speeds, obtain an entire set of
gears that mesh properly, and which can be assembled.
When one is fortunate enough to obtain a design satisfy-
ing the above constraints, this configuration is a very
light weight method for reversing output rotation of this
form of planetary gear train.

The revised driveline configuration, which includes
the addition of the above double star idler reversing gear
set, is shown in figure 7.

Opposite Rotation Same Rotation

¢ O
i / Lb
(‘ DSI
Standard Double Star Idler
Planetary Planetary

Figure 6.—Double-star-idler reversing concept.

Double Star Idler

Clutch

Figure 7.—Final version concept 1—inline two-
speed planetary drive (modified with addition of
double-star-idler reversing concept).

Sprag
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Power flow during high speed output mode is
straight-thru with the main clutch engaged and the
output ratio is 1:1. The planetary gear train free-wheels
and overruns the over-running clutch (sprag). The
power flow during low speed operation is directed thru
the star planetary gear train into an over-running clutch
(sprag) by disengaging the main clutch. With the clutch
disengaged, transfer of power thru the planetary is
directed to the sprag, which is now the driving element.
The star planetary achieves a 2:1 output ratio. The
power requirement for high speed range is full power
with reduced power being required for the low speed
range, thus power routing is optimally directed.

As discussed earlier, the two-speed concept can be
made to be a quasi-variable configuration with the
addition of a variator or controller. The quasi-variable
speed off-shoot configurations of the above two-speed
concept are shown in figures 8 and 9.

ariator

B

it il

Figure 8.—Inline two-speed planetary drive
(double-star-idler)—variator configuration.

FO
=

L

Controller

Figure 9.—Inline two-speed planetary drive
(double-star-idler)—controller configuration.



Concept 2—Offset Compound Gear

This configuration is based on a novel approach of
off-setting and embedding a gear mesh. The heart of the
concept is the offset compound gear which uses identi-
cal pitch diameter for both internal gear teeth on the
input end and external gear teeth on the output end, thus
allowing it to mesh with both a smaller external gear
and a larger internal gear in series. This results in a
simple in-line reduction gear set.

The basis of this concept is shown in figure 10. Input
gear 1, Intermediate gear 2, and Output gear 3. This
concept directly evolved from the double reversing idler
concept described above (refer to fig. 6).

The above geometry permits the intermediate com-
pound gear to be offset and mesh with the input gear and
the output gear, both of which are on the same centerline.
The configuration provides 50 percent reduction in two
stages, or meshes, utilizing only three gears replacing
multiple gears of a conventional planetary stage. The
concept will require very robust and ultimately wide
gears. Although the concept is simplistic from the gearing
perspective, the challenge will be how to best support the
offset compound gear on bearings.

The Offset Compound Gear Drive concept as shown
in figure 11 was initially conceived as an in-line discrete
two-speed device and is similar in operational basis to
the previous concept. This concept was directly evolved

Mesh 1, Plane 1
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Figure 10.—Offset compound gear concept basis.

NASA/TM—2008-215276

Driven

Sprag

esh 1 Mesh 2

Figure 11.—Concept 2 offset compound gear drive.

from the double reversing idler concept described above
in resolving the reverse rotation issue.

In this concept layout, low speed operation is accom-
plished in two meshes: a 5.0-in. pitch diameter input
gear to 7.50-in. pitch diameter intermediate gear (0.667
reduction mesh) and a 7.50-in. pitch diameter interme-
diate gear to a 10.00-in. pitch diameter output gear
(0.750 reduction mesh). The resultant low speed ratio is
2:1, (output speed = 0.500 = 0.667 stage one reduction x
0.750 stage two reduction). Note that nominal diameter
sizes are specified above to depict relative sizes.
Detailed analysis may dictate an increase in gear width
and/or diameter. The input and output shafts spin on
rolling element bearings while the intermediate gear
shaft (the offset compound gear) spins on fluid film
journal bearings. Power transferred through the gear
train drives a sprag. During this low range mode of
operation, the main clutch is disengaged.

The high speed, 1:1 ratio, is direct drive through the
primary clutch. During this mode of operation, the gear
train free-wheels an overrunning sprag. A slight reduc-
tion in input speed is required to overrun the sprag. The
above gear train always spins. An alternative to spin-
ning these gears in both speed ranges might employ the
sprag at the forward end of the gear mesh allowing the
gear train to quasi-idle when not transferring power.

While this concept was initially conceived as a dis-
crete two-speed device, it is adaptable to a quasi-
variable speed drive using a speed synchronizer to
power/speed up the output shaft to match the speed of
the input shaft. With some minor modifications the
above configuration can be explored as a Variable
Speed Transmission. The proposed configuration is
depicted in figure 12.

Also, the basic configuration is adaptable to control-
ler assist (externally powered) shown in figure 13.
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Figure 13.—Offset compound gear drive with controller.

Concept 3—Planetary Differential Drive (Basic)

The Differential Planetary Drive, shown in figure 14,
capitalizes on the output variability of a dual-input to
single-output planetary differential using one input to
serve as a controller. Primary power is input to the sun
gear, output power is transferred thru the carrier, and
speed variation is achieved by varying the speed of a
special ring gear from zero speed to full speed with a
variable speed controller device/system.

The ring gear is special in that it has both an internal
pitch diameter and an external pitch diameter contained
within an integral ring. As depicted, ring gear speed is
varied from zero to full engine speed by a speed control-
ler driving the external pitch diameter. The controller
ratio may be varied in design permitting selection of the
optimal power and speed range. As depicted, the con-
troller rotates in the opposite direction of the primary
input but may be the same if an idler is employed. The
speed controller may be a variety of possible devices
either externally powered and controlled or take-off
driven from the transmission power input shaft. The
power take-off may be a continuously variable speed
device as suggested elsewhere for the other configura-
tions. A configuration for a planetary differential drive
with integral CV control is presented in figure 15.
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Figure 15.—Planetary differential drive (CV control).

A primary advantage of the two-input planetary dif-
ferential configuration is that it is a variable speed
device with power transferred via gear teeth. The main
disadvantage is the power loss to spin/control the ring
speed. Unknowns at this point are the optimal power
and speed requirements for the controller. Through
testing, controller speed and power requirements can be
established identifying either a separate externally
powered speed controlling device or an internal gear
takeoff driven variable speed device as the most viable.
The concept as shown has 3:1 ratio output when ring
gear is at rest; one can obtain 50 percent speed output
with the controller rotating at 16.67 percent of the sun
input speed.

Multi-Plate Clutch (Employed in Concepts 1 and 2)

As stated earlier, any multi-speed transmission configu-
ration intended to change speed range during power
transfer requires a means to disengage power during
ratio change, thus a suitable clutch is needed. Availabil-
ity of clutches for the required speeds which incorporate
a compatible means of actuation would probably be
very limited resulting in a custom design. Thus, a
conceptual clutch was needed that could be incorporated
into the various transmission concepts.

Having some familiarity with a commercial single-
plate clutch that shares common design basis with a
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Figure 16.—Multi-plate hydraulic-actuated-release
mechanical-spring-activation clutch concept.

product line of multi-plate configurations, a basic
familiarity with the multi-plate clutch configuration and
its benefits existed. The multi-plate aspect and associ-
ated high power density contained within the reduced
diameter compared to the larger diameter of an equiva-
lent capacity single-plate configuration is the key
element that is capitalized upon.

An earlier multi-plate basis clutch concept conceived
for rotorcraft application based on multi-plate automotive
racing clutch configurations is described in reference 2).
The above clutch concept is a hydraulic over mechanical
spring configuration with fail-safe condition being the
load provided by mechanical spring(s). A failure (e.g., loss
of hydraulic signal) will fail to the high-range or hover
mode (i.e., loss of hydraulic pressure would engage the
clutch resulting in the high-range power path operation).

Hydraulic actuation seemed preferable over mechani-
cal linkage. Driveline concept development also con-
cluded hydraulic actuation to be the exclusive method.
Within the concepts presented in this paper, the clutch is
surrounded by other rotating structures making access
for mechanical linkage impossible.

In the above clutch concept (ref. 2), the hydraulic
release signal passes through a face seal arrangement
(passage transition between the stationary and rotating
components). In the new concept, this function is
intentionally reconfigured to be at the lowest practical
face-seal element. The basis is to minimize peripheral
speed at the point of sealing, improve fluid movement,
utilize a reliable seal configuration, as well as allowing
for the potential advantage of utilizing centrifugal forces
in the eventual design of the actual sealing unit.

NASA/TM—2008-215276

Based on the above, a hydraulic over mechanical
spring clutch was configured. Several clutch configura-
tions were created to meet specific design requirements
for a number of different transmission concepts. How-
ever, only one clutch relevant to driveline concepts
described herein is included and is shown in figure 16.

Conclusions and Recommendations

Observations and Conclusions

Variable speed propulsion is determined to be neces-
sary for all advanced rotorcraft concepts. Currently,
rotor speed can be varied only a small percentage by
adjusting engine speed, which is generally constrained
by engine efficiency and stall margin, limiting speed
changes to approximately 15 percent maximum. Ad-
vanced rotorcraft concepts offering dramatic effects
of reduced external noise and increased rotorcraft
performance require speed variations of 50 percent, but
increased speed variation must be done without loss of
efficiency and torque. To achieve 50 percent speed
variation capability, advanced variable/multi-speed
drive system concepts must be developed. This report
summarizes an effort to identify viable concepts for
both two-speed and variable speed drive transmissions
that can provide the required 50 percent speed change.
Several concepts were developed with the most promis-
ing identified for future testing in a sub-scaled test
facility to validate operational capability and system
level tools and concepts. Based on the work presented in
herein, the following conclusions are made:

(1) Two-speed designs are less complex compared to
variable speed designs but possess inherent power
interruptions during speed ratio transition.

(2) Rotorcraft application requires positive and con-
tinuous power transfer and variable speed.

(3) The major portion of a flight mission is hover and
cruise. Transition between the above operation points is
a minor portion of the flight mission.

(4) Two-speed designs can be adaptable to be quasi-
variable through variable transition assist which may be
either external powered (controller) or internally take-
off driven (variator - traction drive or power electronics
motor-generator system).

(5) A positive drive continuously variable speed con-
figuration is achievable via a two-input planetary
differential (second input controlled).

(6) The optimal configurations for advanced devel-
opment are simple gear based drives:

(a) Discrete two-speed with variable transition
(b) Planetary differential with variable transition

(7) Speed range changes need to be computer controlled

sensing both transmission and engine speed/power.



Recommendations

Development and testing for a variable/multi-speed
transmission system should be based on the basic step
and variable transition assisted configurations below:

1. Two-speed (double star idler reverser)

2. Two-speed (offset compound gear)

3. Planetary differential (two-input)

4. Variable transition assisted variations of (1, 2, and 3)

Variable transition shift assist (externally powered
and take-off driven) configurations should consider:

1. Motor (second input)
2. Controller (power electronics)
3. Variator (toroidal drive)

Combine the results from the above developmental

configurations to configure final design(s) with potential
flexibility to pursue multiple applications/requirements.

NASA/TM—2008-215276

11

References

1.

2.

Johnson, W. and Yamauchi, G.K., Watts, M.LE., “NASA
Heavy Lift Study,” NASA/TP—2005-213467, 2005.
Kish, J.,, “Vertical Lift Drive System Concept
Studies Variable Speed/Two-Speed Transmissions,”
NASA/CR—2002-211564, ARL-CR—495, 2002.

. Bossler, R.B. Jr., “Vertical Lift Drive System Con-

cepts Studies,” NASA/CR—2002-211563, 2002.

. Dudley, Darle W., “Gear Handbook—The Design,

Manufacture, and Application of Gears,” First Edi-
tion, McGraw-Hill Book Company, 1962.

. Dudley, Darle W., “Handbook of Practical Gear De-

sign,” (Revised Edition of Practical Gear Design First
Edition, 1954), McGraw-Hill Book Company, 1984.

. Sclater, N., Chironis, N.P., “Mechanisms and Me-

chanical Devices Source Book,” McGraw-Hill, Third
Edition, 2001.

. Raynard, A.E., Kraus, J.H., and Bell, D.D., “Design

of Toroidal Traction CVT for Electric Vehicles Final
Report,” NASA/CR—1980-159803, DOE/NASA/
0117-80/1, AiResearch 80—-16762, 1980.

. AutoCAD 2002, Autodesk Inc.



Form Approved

REPORT DOCUMENTATION PAGE OMB No. 0704-0188

The public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, gathering and maintaining the
data needed, and completing and reviewing the collection of information. Send comments regarding this burden estimate or any other aspect of this collection of information, including suggestions for reducing this
burden, to Department of Defense, Washington Headquarters Services, Directorate for Information Operations and Reports (0704-0188), 1215 Jefferson Davis Highway, Suite 1204, Arlington, VA 22202-4302.
Respondents should be aware that notwithstanding any other provision of law, no person shall be subject to any penalty for failing to comply with a collection of information if it does not display a currently valid OMB
control number.

PLEASE DO NOT RETURN YOUR FORM TO THE ABOVE ADDRESS.

1. REPORT DATE (DD-MM-YYYY) 2. REPORT TYPE 3. DATES COVERED (From - To)
01-09-2008 Technical Memorandum
4. TITLE AND SUBTITLE 5a. CONTRACT NUMBER

Concepts for Variable/Multi-Speed Rotorcraft Drive System

5b. GRANT NUMBER

5c. PROGRAM ELEMENT NUMBER

6. AUTHOR(S) 5d. PROJECT NUMBER
Stevens, Mark, A.; Handschuh, Robert, F.; Lewicki, David, G.

5e. TASK NUMBER

5f. WORK UNIT NUMBER
WBS 877868.02.07.03.01.01

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING ORGANIZATION
National Aeronautics and Space Administration REPORT NUMBER
John H. Glenn Research Center at Lewis Field E-16558

Cleveland, Ohio 44135-3191

9. SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSORING/MONITORS

National Aeronautics and Space Administration ACRONYM(S)

Washington, DC 20546-0001 NASA, ARL

and 11. SPONSORING/MONITORING

U.S. Army Research Laboratory REPORT NUMBER

Adelphi, Maryland 20783-1145 NASA/TM-2008-215276; ARL-TR-4564;
AHS 080273

12. DISTRIBUTION/AVAILABILITY STATEMENT
Unclassified-Unlimited
Subject Categories: 07 and 37

Available electronically at http://gltrs.grc.nasa.gov
This publication is available from the NASA Center for AeroSpace Information, 301-621-0390

13. SUPPLEMENTARY NOTES

14. ABSTRACT

In several recent studies and on-going developments for advanced rotorcraft, the need for variable or multi-speed capable rotors has been
raised. A speed change of up to 50 percent has been proposed for future rotorcraft to improve overall vehicle performance. Accomplishing
rotor speed changes during operation requires both a rotor that can perform effectively over the operation speed/load range, and a propulsion
system that can enable these speed changes. A study has been completed to investigate possible drive system arrangements that can
accommodate up to the 50 percent speed change. Several concepts will be presented and evaluated. The most promising configurations will
be identified and developed for future testing in a sub-scaled test facility to validate operational capability.

15. SUBJECT TERMS
Rotorcraft; Variable speed; Propulsion

16. SECURITY CLASSIFICATION OF: 17. LIMITATION OF 18. NUMBER 19a. NAME OF RESPONSIBLE PERSON

ABSTRACT OF STI Help Desk (email:help@sti.nasa.gov)
a. REPORT b. ABSTRACT c. THIS PAGES 19b. TELEPHONE NUMBER (include area code)
U U BAGE 910] 17 301-621-0390

Standard Form 298 (Rev. 8-98)
Prescribed by ANSI Std. Z39-18









	E-16558 Cover
	E-16558 TM
	E-16558 RDP
	blank-back of RDP


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile (None)
  /AlwaysEmbed [ true
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 300
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice




